Abstract Matrix-assisted ionization (MAI) is a recently developed ionization technique that produces multiply charged ions on either electrospray ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI) platform without the need of high voltage or laser ablation. In this study, MAI has been coupled to a high resolution accurate mass (HRAM) hybrid instrument, the Orbitrap Elite mass spectrometer, with electron transfer dissociation (ETD) module for fast peptide and intact protein characterization. The softness of MAI process preserves labile post-translational modifications (PTM) and allows fragmentation and localization by ETD. Moreover, MAI on ESI platform allows rapid sample preparation and analysis (~1 min/sample) due to the easiness of sample introduction. It significantly improves the throughput compared to ESI direct infusion and MAI on MALDI platform, which usually takes more than 10 min/sample. Intact protein standards, protein mixtures, and neural tissue extracts have been characterized using this instrument platform with both full MS and MS/MS (CID, HCD, and ETD) analyses. Furthermore, the performances of ESI, MALDI, and MAI on both platforms have been tested to provide a systematic comparison among these techniques. With improved ETD performance and PTM analysis capabilities, we anticipate that the HRAM MAI-MS with ETD module will offer greater utilities in large molecule characterization with enhanced speed and coverage. These advancements will enable promising applications in bottom-up and top-down protein analyses.
Introduction
The development of matrix-assisted laser desorption/ ionization (MALDI) [1] and electrospray ionization (ESI) [2] techniques in late 1980s have revolutionized the field of biological mass spectrometry. These soft ionization techniques allow ionizing biomolecules without extensive fragmentation. While MALDI and ESI are extensively used in biomolecule analyses, some limitations of these techniques have been noticed, such as limited fragmentation efficiency for singly charged ions produced by MALDI and difficulty in preserving spatial information during tissue analysis by ESI [3] .
Several novel ionization techniques have been developed to overcome the limitations to MALDI and ESI. Matrixassisted laser desorption electrospray ionization (MALDESI) combines the benefit of MALDI and ESI, which generates ESI-like multiply charged ions on sample surface with matrix [4, 5] . Desorption electrospray ionization (DESI) utilizes electrospray generated charged droplets and solvent ions to ionize analyte from surface [6, 7] . Electrospray-assisted laser desorption ionization (ELDI) ionizes biomolecules from surface with laser desorption and post-ionization electrospray [8] [9] [10] [11] [12] . Solid-substrate ESI provides a cost-efficient approach Published in the topical collection celebrating ABCs 16th Anniversary.
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for high throughput analysis using wooden tips or C 18 pipette tips [13, 14] . Other ambient surface analysis techniques, such as laser-ablation electrospray ionization (LAESI) [15] , liquid extraction surface analysis (LESA) [16] , and direct analysis in real time (DART) [17] , have also been reported and widely used in biomolecule and pharmaceutical analyses.
Introduced in 2013 by Trimpin and Inutan [18, 19] , matrixassisted ionization (MAI) is considered as a "magic" ionization technique [20] that can produce multiply charged ions on either MALDI or ESI platform (MAI (MALDI) or MAI (ESI)) without laser ablation or high voltage. The only requirements for the ionization process are the inherent vacuum of the instrument and a volatile small molecule matrix, such as 3-nitrobenzonitrile (3-NBN). MAI has several advantages compared to conventional ionization techniques. Compared to MALDI, which predominantly generates singly charged ions, MAI produces multiply charged ions. Compared to ESI, MAI offers higher throughput and less sample carryover or contamination [21] . Compared to laserspray ionization (LSI), which is also a novel ionization technique for generating multiply charged ions [22] [23] [24] , MAI produces higher charge state ions without the requirement of laser ablation. Therefore, MAI efficiently improves the throughput and expands the mass detection range compared to MALDI and LSI on high resolution accurate mass (HRAM) mass analyzers, such as Orbitrap, which usually has an upper m/z limit of 4000 or 6000. In previous studies on MAI process, the influences of source temperature, matrix, solvent, and sample introduction route were studied on various instruments. It was also applied to the analyses of various samples, such as small molecules (drugs, pesticides, dyes), peptides, intact proteins, as well as tissue extracts and tissue sections, for quantitative and qualitative analyses [3, 18, 19, [24] [25] [26] [27] . Woodall et al. demonstrated MAI-MS analysis of a wide range of molecules with automated sample introduction and studied the relationship between source temperature, sublimation time, and ion abundance [21] . A triboluminescence-based mechanism was proposed to explain the production of highly charged ions during the MAI process. The 3-NBN matrix produces strong dinitrogen discharge emission during the fracturing of crystal under vacuum and produced charged particles upon sublimation [19, 28] .
Our previous study demonstrated the potential of MAI on analyzing peptides with labile PTMs on the MALDI-LTQOrbitrap XL platform to reduce in-source fragmentation [3] . During MALDI-MS acquisition, high intensities of dephosphorylated and deglycosylated peptides were observed with very low intensity of intact peptides. Under MAI condition, high intensities of intact peptides were observed, with only small amount of neutral loss ions. However, when we performed CID and HCD fragmentations on the intact peptide ions, the labile PTM groups were not preserved on fragment ions, suggesting limitations of these slow heating fragmentation techniques (CID and HCD) for more comprehensive structural analysis of peptides with labile PTMs. In contrast, electron capture dissociation (ECD) [29] and electron transfer dissociation (ETD) [30] , which produce c and z ions upon the reaction of a multiply protonated peptide with a low energy electron, can potentially preserve the labile PTM groups. ETD has been widely applied to commercially available quadrupole ion trap, linear 2D quadrupole ion trap, and hybrid quadrupole time-of-flight (Q-TOF) and LTQ-Orbitrap instruments [31] . The Orbitrap Elite mass spectrometer is a HRAM hybrid instrument with dual-pressure linear ion trap and Orbitrap mass analyzer, which enables superior resolution of up to 240,000 at m/z 400. Moreover, multiple fragmentation techniques, including CID, HCD, and ETD, are available on this instrument, which offers versatility of structural elucidation [32] .
Herein, we coupled MAI onto the HRAM Orbitrap Elite mass spectrometer with ETD module for high throughput peptide and protein analyses. In this study, we demonstrated utility and evaluated performance of the MAI-HRAM MS system using peptide and protein standards, protein mixture, tissue extract, and protein digest for full MS and different types of MS/MS (CID, HCD, and ETD). Moreover, the performances of four ionization techniques MAI (ESI), MAI (MALDI), ESI, and MALDI were compared. We anticipate that the HRAM MAI-MS with ETD module could be widely applied in large molecule characterization, especially for peptides and proteins with labile PTMs. These advancements, when coupled with off-line separation methods, will facilitate both bottom-up and top-down high throughput protein characterization.
Materials and methods

Materials
All standards and reagents were used without additional purification. Acetonitrile (ACN), methanol (MeOH), ethanol (EtOH), formic acid (FA), acetic acid (AA), urea, and ammonium bicarbonate and water were purchased from Fisher Scientific (Pittsburgh, PA). Iodoacetamide (IAA), 3-NBN, α-cyano-4-hydroxycinnamic acid (CHCA), cytochrome C (bovine heart), lysozyme (chicken egg white), alpha-casein (bovine milk), myoglobin (equine heart), and histone (calf thymus) were purchased from Sigma Aldrich (St. Louis, MO). Neuropeptide Y (human, rat) was purchased from American Peptide Company (Sunnyvale, CA, now Bachem, Torrance, CA). Phosphopeptide standard kit was purchased from AnaSpec (Fremont, CA). Glycosylated erythropoietin (EPO) 117-131 was purchased from Protea Biosciences Group, Inc. (Morgantown, WV). Dithiothreitol (DTT) and sequencing grade modified trypsin were purchased from Promega (Madison, WI). The Ni-NTA magnetic agarose beads were purchased from QIAGEN (Valencia, CA).
Sample preparation
Peptide and protein stock solutions were prepared by dissolving standards in 50% ACN solution at 10 mg mL MAI matrix, 3-NBN, was prepared as described by Inutan and Trimpin [18, 19] . Briefly, 50 μL ACN was added to 10 mg 3-NBN, the mixture was vortexed until 3-NBN was completely dissolved. A volume of 150 μL 50% ACN was then added to the mixture. The matrix solution was prepared freshly before each experiment. Before MS analysis, 1 μL analyte was mixed with 1 μL matrix solution on Parafilm (Bemis, Neenah, WI). One microliter of the mixture was loaded onto a 10 μL gel-loading pipette tip and waited until the mixture was crystalized before MS analysis. CHCA matrix, which was used in comparison MALDI experiment, was prepared by dissolving 10 mg of CHCA in 1 mL solution of ACN:EtOH:H 2 O:FA (v/v/v/v) 84:13:2.997:0.003. The sample and matrix were premixed at a 1:1 ratio and 1 μL mixture was spotted onto MALDI plate.
Protein digestion and IMAC enrichment of phosphopeptides
One milligram of alpha-casein standard was dissolved in 400 μL digestion solution (8 M urea, 50 mM ammonium bicarbonate) to a final concentration of 2.5 mg/mL. The protein was reduced with 10 mM DTT at room temperature for 1 h and alkylated with 15 mM IAA in dark at room temperature for 1 h. Extra DTT was added to the solution to make a final concentration of 20 mM in order to quench the alkylation reaction. Ammonium bicarbonate solution (2.2 mL 50 mM) was added to the sample in order to dilute urea (less than 1 M).
Trypsin (20 μg) was reconstituted in 200 μL 50 mM ammonium bicarbonate and added to protein solution. The mixture was incubated in 37°C water bath for 18 h and dried down in a speed vacuum concentrator.
The digested peptide was reconstituted in 500 μL 0.1% FA/ H 2 O and desalted using a Sep-Pak C 18 cartridge (Waters, Milford, MA) according to manufacturer's instruction. The samples were dried down in a speed vacuum concentrator and stored in freezer. Prior to immobilized metal affinity chromatography (IMAC) for phosphopeptide enrichment, 500 μL magnetic Ni-NTA magnetic agarose beads suspension was pipetted into a 2 mL tube and used with a magnetic stand to separate beads from solvent. The beads were washed with 1 mL H 2 O three times and shaken in 1 mL EDTA (pH~8) solution for 30 min. The beads were then washed with 1 mL H 2 O five more times and shaken in 1 mL 100 mM [33] .
Mass spectrometry
The Orbitrap Elite hybrid ion trap-Orbitrap mass spectrometer with NanoSpray Flex ion source (Thermo Scientific, Bremen, Germany) was used for data acquisition. The instrument was controlled with Tune Plus software (Thermo Scientific, Bremen, Germany). Spray voltage was set to be 0 kV and the capillary temperature was set to be 50°C for all MAI acquisitions. As MAI is a rapid sublimation process, the instrument parameters and file information (name and location) must be prepared before acquisition starts. The gel-loading tip with sample/matrix mixture was quickly brought to the inlet of ion transfer tube immediately after acquisition started. The acquisition was stopped after no visible analyte signal could be observed on the real-time spectrum. NanoESI data was acquired by direct infusing samples to the mass spectrometer at a rate of 0.3 μL/min. The spray voltage was set to be 1.9 kV and capillary temperature was 250°C. All data on the Orbitrap Elite was acquired with resolution of 120,000 (m/z 400) with automatic gain control (AGC) target at 1e6 and maximum injection time at 300 ms. The normalized collision energies (NCE) of CID, HCD, and the activation time for ETD were optimized for each sample and each charge state, which would be specified in the result. The resulting spectra were processed with XCalibur (Thermo Scientific, Bremen, Germany). The MS/MS spectra were compared with the theoretical mass list generated by MS-Product protein of ProteinProspector (UCSF Mass Spectrometry Facility, San Francisco, CA) and annotated manually.
In the comparison study, the MALDI and MAI (MALDI) spectra were acquired on MALDI-LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany), which is also a hybrid ion-trap-Orbitrap mass spectrometer but with MALDI source. The instrument was controlled with Tune Plus software and the data was processed with Xcalibur software. The MALDI-TOF full scan spectrum of histone mixture was acquired on UltrafleXtreme II MALDI TOF/TOF mass spectrometer (Bruker, Billerica, MA) with linear positive mode at m/z 3000-30,000. Laser size was set at "4_large" and laser energy was set to be 80%. Ten thousand laser shots were accumulated. The resulting spectrum was processed with flexAnalysis to perform smooth and baseline subtraction.
Results and discussion
In this study, a HRAM MAI-MS platform was set up on the ESI-LTQ-Orbitrap (Orbitrap Elite) system with ETD module for high throughput top-down and bottom-up analyses of protein standards and mixtures. Detailed comparisons among four ionization techniques, MAI (ESI), MAI (MALDI), ESI, and MALDI, were performed for better understanding of their properties.
Instrument setup
The ESI-LTQ-Orbitrap (Orbitrap Elite) system was quickly switched to MAI-MS mode by simply removing the emitter tip holder on the Nanospray flex ion source (Fig. 1) . The capillary temperature was set to be 50°C and the voltage was set to be 0 kV. If the system was used for ESI experiments before, an extra half-hour was required for the system to cool down. As the relationship between sublimation time, temperature, and ion abundance were carefully examined and optimized in the study published by Woodall et al. [21] , no further optimization was performed in this study. The capillary temperature of 50°C was chosen as a good compromise of sensitivity and acquisition time according to Woodall et al.; sublimation time was around 20 s while ion abundance was at a relatively high level (around 1E6) at 50°C. A 10 μL pipette with a gel-loading pipette tip was used for sample introduction (Fig. 1a) . The matrix/analyte mixture (0.5 to 2 μL), which was crystalized on top of the pipette tip, was attached to the inlet of ion transfer tube for sample introduction (Fig. 1b, c) . The matrix/analyte mixture was usually sublimated within 5 min (usually 30 s) after attaching to the ion transfer tube. Due to the fast sublimation time of the analyte, the instrument was prepared with all parameters entered and data acquisition turned on before sample introduction. The ion signal was monitored instantaneously on the Tune Plus software. The data acquisition was stopped after no ion signal could be observed. (Fig. 2a) . The lower limit of detection (LLOD), which was determined by the lowest concentration detected with a signal-to-noise (S/N) ratio above 3, was tested to be 5 nM (5 fmol introduced). Intact protein standards, including cytochrome C (12,360.97 Da, Fig. 2b ), lysozyme (14,295.81, Fig. 2c ), and myoglobin (16,952.30, Fig. 2d ) were also detected on the system with very spread out charge states. The LLODs of cytochrome C, lysozyme, and myoglobin were determined to be 20.2 nM (20.2 fmol introduced), 75 pM (75 amol introduced), and 2.95 μM (2.95 pmol introduced) respectively. Myoglobin was the largest molecule detected on this instrument platform, which is consistent with the MAI study on MALDI-LTQ-Orbitrap system [3] . The sensitivity of this system was similar to Hoang's study [34] , which less than 50 amol of angiotensin II was detected on the Orbitrap Exactive system. Fig. S1 ). The sampling throughputs varied among these ionization methods. The MAI (ESI) underwent a fast sublimation process and could achieve high-throughput analysis with approximately 1 min/sample. The MAI (MALDI) was also a fast sublimation process, but extended time periods were required for inserting and taking out plate as well as pumping down of the MALDI chamber. Therefore, it usually took approximately 10 min/ sample on the MAI (MALDI) system as well as on the MALDI system. Direct infusion-based ESI analysis also required about 10 min/sample or even longer, as the fluid system needed to be flushed with solvent when switching samples to minimize sample carryover.
HRAM MAI-MS full scan and MS/MS
analysis of peptide and protein standards and mixtures HRAM MAI full MS analyses on the Orbitrap Elite platform were performed on both standards and mixtures. Neuropeptide Y, which is a mid-size peptide with molecular weight of 4269.08 Da, was detected with charge states from 3 to 7
A comparison of MAI (ESI/Orbitrap Elite), MAI (MALDI-LTQ-Orbitrap), ESI (Orbitrap Elite), and MALDI (MALDI-LTQ-Orbitrap) ionization techniques was performed (see Electronic Supplementary Material (ESM)
Lysozyme standard was used to compare the charge state, noise level, and sensitivity of each ionization mode. MAI (ESI) produced the broadest charge state, from 8 to 17 (see ESM Fig. S1a) ; MAI (MALDI) and ESI produced the same charge states, from 8 to 12 (see ESM Fig. S1 b&c) ; no lysozyme ion could be detected by MALDI (see ESM Fig. S1d ) as the molecular weight of lysozyme exceeded the detection limit of the mass analyzer assuming only singly charged ion was produced. The MAI (MALDI) platform produced very high noise signal, MAI (ESI) produced less noise signal, and the ESI had the least. The LLODs of MAI were determined to be 75 pM on the ESI/Orbitrap Elite platform and 175 nM on the MALDI-LTQ-Orbitrap platform. The significant differences of LLOD on these two platforms could be caused by the means of sample introduction and the differences in source pressure. On the ESI/Orbitrap Elite platform, the matrix/ analyte mixture was directly attached to the inlet of the MS with no gap, allowing high transmission rate of the analyte into the instrument. Moreover, the matrix/analyte was stored at atmospheric pressure with a very slow sublimation rate before sample introduction, thus there was very little sample loss in the process. In contrast, on the MALDI-LTQ-Orbitrap system, the matrix/analyte was crystalized on the MALDI target plate, which was inserted into an intermediate vacuum chamber. Due to the gap between the MALDI target plate and the ion optics, there might be sample loss in this process. Moreover, when inserting the MALDI plate, the matrix/ analyte was exposed to intermediate vacuum environment for a few minutes, which could stimulate the sublimation process before starting data acquisition. Therefore, a significant difference in sensitivity between the MAI (ESI) and MAI (MALDI) platform was observed.
MAI-MS/MS analyses were performed using neuropeptide Y standard. Multiple fragmentation types, including CID, HCD, and ETD, were compared and contrasted on the +6 charged neuropeptide precursor ion (Fig. 3) . The NCEs of CID and HCD as well as the activation time (ms) of ETD were optimized and annotated in the figure. The CID and HCD MS/MS spectra (Fig. 3a, b) revealed incomplete fragmentation. In contrast, the ETD MS/MS spectrum revealed nearly complete sequence coverage (Fig. 3c) . As annotated on the spectrum and on the sequence, most of the c and z ions were detected except for the ones next to a proline residue which could not be cleaved by ETD. From a mechanistic standpoint, the fragmentation of CID and HCD relies on randomized amide bond protonation, which is difficult to achieve for larger peptides as Arg residues tend to inhibit the random protonation [35] . In contrast, the ETD process does not depend on amide bond protonation, which promotes more uniform fragmentation along the peptide backbone and achieve high sequence coverage [30] . Therefore, this experiment showed evidence to suggest that ETD can improve sequence coverage, which made it applicable toward intact protein analysis.
The HRAM MAI-MS on the Orbitrap Elite system could also be used to analyze protein mixtures (Fig. 4) , such as histone mixture (Fig. 4a, b) and rat brain protein extract (Fig. 4c) . A full scan spectrum of histone mixture was acquired on the MALDI-TOF system with m/z 5000-25,000 to show the relative abundance and mass of each histone molecule. In the MALDI-TOF spectrum, H 4 had the highest intensity, followed by H 2a and H 2b . A very small peak of H 3 was detected and no H 1 peak could be detected. Multiply charged histone molecules were detected on the MAI (ESI) platform: H 4 molecule was detected with charge states from 7 to 15, H 2a was detected with charge state from 9 to 13, and H 2b was detected with charge states of 9 and 10. No H 1 and H 3 molecule was detected due to their low abundances. The same analyte was tested on the MAI (MALDI) platform, but no signal was detected (data not shown), presumably due to the lower sensitivity of the MAI (MALDI) platform. Rat brain protein extract was used as a complex sample to further test the MAI (ESI) system. Several abundant proteins were detected in the mixture with various charge states, including thymosin beta-4 (a), ATP synthase-coupling factor (b), ubiquitin (c), acylCoA binding protein (d), cytochrome C oxidase subunit 6b (e), mitochondria import inner membrane translocase (f), and superoxidase dismutase [Cu-Zn] (g). The proteins were identified by accurate mass matching and a lot of multiply charged peaks in the spectrum were yet to be identified. The protein name, theoretical mass, experimental mass, and mass error were listed in ESM Table S1 . According to a previous study by Ye et al. [36] , rat brain proteins detected by MALDI-TOF platform were similar to the ones detected on the MAI (MALDI) platform. Similar results were also published by Pierson et al. [37] . Abundant proteins such as thymosin beta-4, acyl-CoA-binding protein, ubiquitin, cytochrome C oxidase subunit 6b, and ATP synthase-coupling factor 6 were detected on both platforms.
PTM analysis of glycopeptide and phosphopeptides
The characterization of labile PTMs, such as glycosylation and phosphorylation, presents unique challenges for MS research. The modification groups could be easily cleaved from the peptide backbone during the ionization or fragmentation process and could lead to mis-identification and often become an unsolvable piece of puzzle for peptide mapping. Due to the softness of MAI, we anticipated that it could minimize in-source fragmentation. Our previous study demonstrated MAI's potential in analyzing labile PTM on the MALDI-LTQ-Orbitrap platform at full MS level: only a small peak corresponding to the doubly charged neutral loss ion was detected. However, the slow heating fragmentation techniques (CID and HCD) prevented us from further localizing the PTM groups on the peptide backbone, as most of them were cleaved first from the peptide backbone before breaking the peptide bonds [3] . Another study published by Marshall et al. demonstrated promising data on sequencing phosphorylated peptide standard using MAI [38] .
This puzzle of PTM analysis could be solved on the MAI-MS Orbitrap Elite platform with ETD module. A glycopeptide standard EPO (117-131) and a phosphopeptide standard UOM9 (phosphorylated PKC substrate) were tested on this system ( Fig. 5; ESM Figs. S2 and S3 ). The HRAM MAI-MS full scan (Fig. 5a ) revealed most intact EPO peptides, with some singly and doubly charged neutral loss ions. No triply charged neutral loss ion was detected. The triply charged intact ion [M + 3H] 3+ was selected for MS/MS analysis for structure elucidation and PTM localization. In the CID (Fig. 5b) and HCD (Fig. 5c ) spectra, only a few b and y ions were detected and the GalNAc group was cleaved from most of the detected ions (except for y 7 and y 8 ions). The information acquired here was not sufficient to localize the GalNAc group. In contrast, all the theoretical c and z ions were detected in the ETD spectrum ( Fig. 5d) with the GalNAc group preserved, allowing accurate PTM localization. Similar trend was observed for phosphopeptide standard UOM9 (see ESM Fig. S2 ). Peptides with charge states from 2 to 5 were detected in the spectrum with no evident of neutral loss ion (see ESM Fig. S2a ). Both CID and HCD had incomplete fragmentations with only a few b and y ions detected. In contrast to EPO, most of the phosphate groups were still preserved to the respective b and y ions after CID (see ESM A comparison among four ionization modes on analyzing the glycopeptide EPO was illustrated in Fig. S3 (see ESM). Neutral loss from singly charged ion was detected in MAI (ESI), MAI (MALDI), and MALDI conditions. The neutral loss peaks became less intense with the charge state increased. The neutral loss peak was no longer detectable for triply charged ion in MAI (ESI) condition and for doubly charged ion in MAI (MALDI) condition. ESI had the best performance in preserving the GalNAc group, as neutral loss peaks could not be detected for any charge state.
To further test the potential of the HRAM MAI-MS system on bottom-up protein analysis, a phosphoprotein standard, alpha-casein, was enzymatically digested and IMAC enriched for phosphopeptide analysis (Fig. 6) . The phosphopeptide-depleted fraction (Fig. 6a) and the phosphopeptide-enriched fraction (Fig. 6b) were analyzed by MAI-MS. The peptides were identified and annotated by accurate mass matching (see ESM Table S2 ). No phosphopeptide was detected in the phosphopeptide-depleted The detected fragments under each condition were annotated on the spectra and listed on the peptide sequence. The red letters represent the fragments with GalNAc group preserved, the blue letters represent the fragments with GalNAc group cleaved, and the purple letters represent the fragments before GalNAc group fraction, while a lot of phosphopeptides were detected in the phosphopeptide-enriched fraction.
Challenges
In this study, a HRAM MAI-MS platform was developed on the Orbitrap Elite system with ETD module for high throughput top-down and bottom-up analyses. Even though both full MS and MS/MS were successfully performed on this platform for both standards and complex tissue mixtures, several challenges remained. First of all, the matrix/analyte samples were usually sublimated within 5 min. This limited the researchers from performing long acquisitions, such as data-dependent acquisitions or several parallel-targeted MS/MS, which required predesigned instrument methods. Secondly, although the MAI process does not require any high-energy process, such as high voltage and laser ablation, it still could not completely avoid in-source or post-source fragmentation for labile PTMs (Fig. 5 and ESM Fig. S3 ). We considered the strong dinitrogen discharge emission during the triboluminescent process could cause the dissociation of labile PTM groups during the MAI process. Thirdly, on-line coupling MAI-MS with separation methods, such as capillary electrophoresis or liquid chromatography, could be challenging. This prevents the platform from performing in depth proteomics analysis from complex mixture. Lastly, in comparison to MAI (MALDI), in situ tissue analysis on the MAI (ESI) platform is challenging. Extending the sublimation time while preserving the performance of the MAI (ESI) platform will be further investigated and explored in the future.
Conclusions
A HRAM MAI-MS method on the Orbitrap Elite platform was developed in this study with improved ETD analysis and labile PTM mapping capability. A volatile matrix, 3-NBN, was premixed with analyte and a gel-loading pipette tip was used for sample introduction. The ionization process requires no voltage or laser and could be accomplished in a high throughput fashion (1 min/sample). Intact peptide, protein, protein mixture, and tissue extract were analyzed on this system. Various dissociation types, including CID, HCD, and ETD, were used for sequence elucidation. Labile PTM analyses of phosphopeptide and glycopeptide were achieved on this platform due to the softness of MAI and the coupling of ETD module. Compared to MAI (MALDI), the MAI (ESI) platform provides high sensitivity, better performance for protein mixture analysis, and significantly higher throughput. Compared to direct infusion-based ESI analysis on the same instrument, the MAI (ESI) platform has also significantly improved the throughput with reduced sample consumption and elimination of carrying over. Although challenges still exist, this instrument platform provides a promising alternative to the conventional MALDI and ESI instrument platforms and could be beneficial for large molecule characterization, and eventually coupled with off-line separation methods for both bottom-up and topdown proteomics and biopharmaceutics analyses.
